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a  b  s  t  r  a  c  t

The  inherent  antimicrobial  properties  and  biodegradability  of chitosan  make  it  an  ideal  candidate  for
antimicrobial  materials.  In this  study,  N-halamine  precursor  3-glycidyl-5,5-dimethylhydantoin  (GH)  was
synthesized  and  bonded  onto  chitosan  by  a ring  opening  reaction  between  chitosan  and  GH. The  chitosan
film  modified  with  the  N-halamine  precursor  could  be rendered  biocidal  after  exposure  to  a  dilute  house-
hold  bleach  solution.  Syntheses  routes,  characterization  data,  and  antimicrobial  test  results  are  presented.
eywords:
hitosan
-halamine
ntibacterial
iocidal

The chlorinated  films  with  2.60  × 1018 atoms/cm2 of  active  chlorine  were  challenged  with  Staphylococcus
aureus  (ATCC  6538)  and  Escherichia  coli O157:H7  (ATCC  43895)  and  showed  good  efficacy  against  these
two  bacterial  species  with  log  reductions  of  7.4  and  7.5  within  10 and  5 min  of  contact  time,  respectively.
These  films  may  serve  as  potential  materials  for  food  packaging  and  biomedical  applications.

© 2012 Elsevier Ltd. All rights reserved.

ilms

. Introduction

Recently, there has been a growing interest in the devel-
pment of antimicrobial films in various applications including
iomedical surface coatings and food packaging. The antimicrobial
ackaging films have shown great potential to control growth of
ood borne pathogens, including Listeria monocytogenes,  Escherichia
oli O157: H7 and Salmonella typhimurium (Cagri, Ustunol, &
yser, 2004). Extensive research work has been performed to
evelop antimicrobial packaging to inactivate the pathogens and
poilage microorganisms on the surface of food (Moura, Mattoso,

 Zucolotto, 2012; Tankhiwale & Bajpai, 2012). One of the sim-
lest and most feasible methods of producing antimicrobial films

s to load antimicrobial agents, such as nanoparticles (Au, Ag, Cu,
nO, TiO2) (Fayaz, Balaji, Girilal, Kalaichelvan, & Venkatesan, 2009;
i, Xing, Jiang, Ding, & Li, 2009; Sikong, Kongreong, Kantachote, &
utthisripok, 2010), essential oils (Kuorwel, Cran, Sonneveld, Miltz,

 Bigger, 2011), bacteria originated antibacterial proteins (bacteri-
cins) (Seydim & Sarikus, 2006), enzymes (Buonocore et al., 2003),
ruit extracts (Du et al., 2008), and chitosan (Aider, 2010; Tripathi,

ehrotra, & Dutta, 2010) onto films. However, the release of these
dditives from the films, especially water-soluble compounds and

etal nanoparticles, may  raise issues regarding adverse environ-
ental problems and their safe use in food products. The addition

∗ Corresponding author. Tel.: +86 051085912007; fax: +86 051085912009.
E-mail address: xhren@jiangnan.edu.cn (X. Ren).

144-8617/$ – see front matter ©  2012 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2012.08.115
of these compounds might also affect the film properties and food
qualities.

Chitosan, the linear and partly acetylated (1-4)-2-amino-
2-deoxy-�-d-glucan (Muzzarelli et al., 2012), is a biopolymer
obtained from chitin. It is the second most abundant polysaccharide
in nature after cellulose, and has received great attention because
of its non-toxicity, biocompatibility, versatility, biodegradability,
and antimicrobial properties (Xu, Xin, Li, Huang, & Zhou, 2010).
Because chitosan has intrinsic antimicrobial properties and good
film-forming ability, it has been used in antimicrobial films and
coatings to inhibit the growth of not only Gram-positive and Gram-
negative bacteria, but also yeasts and molds (Chen, Yeh, & Chiang,
1996). However, the antimicrobial activity of chitosan is only mod-
erate which may  limit its many applications. In order to improve
its antibacterial activity, numerous modifications of chitosan have
been reported such as N-carboxybutylation (Muzzarelli et al.,
1990; Muzzarelli, Ilari, & Petrarulo, 1994), O-carboxymethylation
(Chen & Park, 2003), quaternization (Sajomsang, Ruktanonchai,
Gonil, & Warin, 2010), sugar-modification (Sajomsang, Gonil, &
Tantayanon, 2009), N-alkylation (Yang, Chou, & Li, 2005), and chi-
tosan/nanoparticle complexes (Li, Deng, Deng, Liu, & Li, 2010).

For over three decades, N-halamine compounds have gained
growing attention as antimicrobial agents due to their efficacies
against a broad-spectrum of microorganisms, long-term stabili-
ties, non-toxicity to humans, and regenerabilities upon exposure

to aqueous free chlorine solutions (Worley et al., 2003; Kocer,
Cerkez, Worley, Broughton, & Huang, 2011). N-halamines refer to
compounds that contain amine, amide, and imide halamine bonds,
which have the capability of rapid and total inactivation of various

dx.doi.org/10.1016/j.carbpol.2012.08.115
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:xhren@jiangnan.edu.cn
dx.doi.org/10.1016/j.carbpol.2012.08.115
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icroorganisms without causing the microorganisms to develop
esistance to them. Furthermore, N-halamine biocides are capable
f killing microorganisms directly without the release of free chlo-
ine into the system (Barnes et al., 2006). These N-halamines could
e incorporated into or attached onto textiles, medical devices, and
ther solid surfaces related to health care (Worley, Chen, Wang, &
u,  2005). The introduction of the N-halamines in textiles by cova-

ent bonding between the precursor moieties and host polymers
as been extensively explored in these laboratories and elsewhere
ver the past decade (Liang et al., 2007; Luo & Sun, 2008). N-
alamine moieties have been applied onto cotton by using grafting
echniques or other coating methods to produce antimicrobial cel-
ulose (Sun & Sun, 2001), nylon (Lin, Cammarata, & Worley, 2001),
nd polyester (PET) (Ren et al., 2008).

However, little research has been done on the modifications
f chitosan by covalently incorporating N-halamine moieties to
roduce biocidal chitosan. Recently, Cao and Sun (2008) reported
hat antimicrobial chitosan was prepared by exposure of chitosan
o dilute sodium hypochlorite. The N-halamine chitosan provided
otal kill of 108–109 CFU/mL of E. coli (Gram-negative bacteria) and
taphylococcus aureus (Gram-positive bacteria) in 10 and 60 min,
espectively. The physical state of chitosan is a crucial factor affect-
ng antimicrobial activity, and extensive works have been done
or chitosan in water solution. Little attention has been paid to
he investigation of inactivation of microorganisms by chitosan
n the solid state, such as for films and fibers. In this study, an
-halamine precursor 3-glycidyl-5,5-dimethylhydantoin was syn-

hesized and attached to chitosan by a ring-opening reaction. The
ewly synthesized N-halamine chitosan derivative was character-

zed by FT-IR, NMR, DTG, and TGA. The chitosan derivative was
issolved in acetic acid solution and coated onto polyester trans-
arency slides and then rendered antimicrobial upon chlorination.
he chlorinated films were evaluated for biocidal efficacies against
oth Gram-negative bacteria E. coli O157:H7 and Gram-positive
acteria S. aureus.

. Experimental

.1. Materials

Chitosan with a molecular weight of 200 kDa and deacetylation
egree of 95% was purchased from Zhejiang Aoxing Biochemi-
al Co., Ltd., China. 5,5-Dimethylhydantoin was  purchased from
ebei Yaguang Fine Chemical Co., Ltd.; epichlorohydrin, acetone,
ousehold bleach (the active chlorine content was 5%), and acetic
cid (analytical grade) were purchased from Sinopharm Chemical
eagent Co., Ltd, Shanghai. All reagents were used as received with-
ut further purification. The PET film was purchased from Wenzhou
ewen Teaching Equipment Co., Ltd. The bacteria employed were S.
ureus ATCC 6538 and E. coli O157:H7 ATCC 43895 (American Type
ulture Collection, Rockville, MD). The Trypticase soy agar used was

rom Difco Laboratories, Detroit, MI.

.2. Instruments

The FT-IR spectra of chitosan, chitosan–GH and chitosan–GH–Cl
ere recorded by a Nicolet Nexus 470 spectrometer in the opti-

al range of 400–4000 cm−1 by averaging 32 scans at a resolution
f 4 cm−1. All samples were prepared as potassium bromide pel-
ets. The UV–VIS spectra of chitosan, GH, and chitosan–GH were

easured by a UNICO UV-2802S in the range of 190–900 nm.

he 1H NMR  of GH and 13C NMR  spectrum of chitosan–GH’s was
ecorded on a Bruker AV-300 spectrometer. Thermogravimetric
nalysis (TGA) was carried out using a TGA unit (NETZSCH STA 499
3). About 5 mg  of sample was heated from 20 ◦C to 600 ◦C at a
Scheme 1. The schematic description of synthesis of chitosan–GH and
chitosan–GH–Cl.

heating rate of 5 ◦C min−1 under nitrogen atmosphere (flow rate of
40 mL  min−1).

2.3. Synthesis of 3-glycidyl-5,5-dimethylhydantoin (GH)

3-Glycidyl-5,5-dimethylhydantoin (GH) was  synthesized using
the method reported by Liang et al. (2007).  In brief, an equimo-
lar mixture of NaOH and 5,5-dimethylhydantoin were added to
water and stirred for 5–10 min  at ambient temperature. Then an
equimolar quantity of epichlorohydrin was  added followed by stir-
ring for 10 h at ambient temperature. After the reaction water was
removed at reduced pressure, and acetone was  added to the flask
to dissolve the product. Sodium chloride produced in the reaction
was removed by filtration, and the desired product was obtained
by the evaporation of the solvent acetone. The yield of the product
was 89.23%. 1H NMR  (d-acetone): ı 1.41 (6H), 2.77–2.91 (2H), 3.20
(1H), 3.48–3.65 (2H).

2.4. Modification of chitosan with GH

Appropriate amounts of GH and chitosan (the molar ratios of
GH to chitosan were 0.8, 1.0, 1.2 and 1.5) were dissolved in 1% (v/v)
acetic acid solution. The mixture was  stirred at 65 ◦C for 10 h. Water
was removed under vacuum, and excess acetone was  added to the
flask. The precipitate was  filtered and washed with abundant ace-
tone, then dried in a vacuum oven at 60 ◦C for 48 h. The yields of the
products were about 93%. The syntheses of GH and chitosan–GH are
shown in Scheme 1.

2.5. The degree of substitution of chitosan by GH

The degree of substitution (DS) of chitosan by GH was  measured
by UV–VIS spectroscopy; the absorbance of different concentra-
tions of GH were employed in the standard curve. DS is defined
as the molar ratio of bonded GH of glucosamine calculated from
the original mass of chitosan and its degree of deacetylation (DD).
The absorbance of chitosan–GH acetic acid solution was measured
first, and then the corresponding concentrations were found from
the standard curve (c2). The DS were determined by the following

equation:

DS = c2

(C1 − c2 × M2/M1) × DD
× 100% (1)
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here c2 was the concentration of GH grafted on chitosan, mol/L;
1 was the concentration of chitosan–GH, g/L; M2 was  the molecu-

ar weight of GH; M1 was the monomer average molecular weight
f chitosan; and DD was the degree of deacetylation of chitosan,
espectively.

.6. Preparation of chitosan–GH films

The synthesized chitosan–GH was dissolved in 2% acetic acid
olution at different concentrations (from 1% to 6%). Then 10 mL
f polymer solution were coated on transparency PET slides
9 × 9 cm), followed by evaporation of the solvent in the fume
ood overnight. The polymer films were neutralized by immersing

n 1 mol/L aqueous NaOH solution at ambient temperature under
onstant stirring for 1 h, followed by thoroughly washing with
eionized water. After air drying, the polymer films were stored

n a desiccator for further characterization and testing.

.7. Chlorination procedure

The chitosan, chitosan–GH and chitosan–GH films were soaked
n a 5% solution of household bleach (pH adjusted to 7 using 1 N

2SO4) with stirring at ambient temperature for 60 min. After
hlorination, the samples were washed thoroughly with deionized
ater to remove free chlorine. The chlorinated films were dried at

5 ◦C for 1 h and stored in a desiccator for further testing.

.8. Analytical titration

The iodometric/thiosulfate titration procedure was  employed
o determine the oxidative chlorine loading of the modified
ompounds and the coated films. For example, about 0.05 g of
hlorinated sample was suspended in a 50 mL  water solution, into
hich, 0.5 g of KI and 1 mL  of 1% of starch water solution were

dded. The solution was titrated with 0.005 N sodium thiosulfate.
he bonded oxidative chlorine on the chitosan–GH compounds was
alculated with the equation below:

l+% = N × V × 35.45
W × 2

×  100 (2)

here N and V are the normality (equiv./L) and volume (L) of the
a2S2O3 consumed in the titration, respectively, while W is the
eight of the chitosan and chitosan–GH–Cl samples in grams.

The chlorine loadings of the films (the amount of chlorine on the
urfaces) on the slides were calculated with the following equation:

l+(atoms/cm2) = N × V × 6.02 × 1023

2 × S
(3)

here N and V are the normality (equiv./L) and volume (L) of the
itrant sodium thiosulfate, respectively, and S is the area of the film
n cm2.

.9. Antimicrobial test

Both chlorinated and unchlorinated modified chitosan films
ere challenged with S. aureus (ATCC 6538) and E. coli O157:H7

ATCC 43895) using a modified AATCC Test Method 100-1999. The
esting began with the addition of 25 L of the bacterial suspensions
uffered at pH 7 to the centers of 6.45 cm2 portions of slides in a
terile Petri dish, and with second identical slides placed upon the
rst ones held in place by a sterile weight. Different slides were
xposed to the bacteria with contact times of 1, 5, 10, and 30 min,

espectively; they were placed in tubes containing 5.0 mL  of sterile
.02 N sodium thiosulfate to remove all oxidative chlorine. Series
f the quenched solutions were diluted with pH 7, 100 mM phos-
hate buffer, and plated on Trypticase soy agar. The plates were
Fig. 1. The effect of molar ratio of GH on active chlorine content in chitosan–GH–Cl.

incubated at 37 ◦C for 24 h. The bacterial colonies were recorded
and enumerated for biocidal efficacy.

3. Results and discussion

3.1. The effect of molar ratio of chitosan and GH on the chlorine
loadings

The degree of substitution (DS) of chitosan by GH was measured
by UV–VIS spectroscopy; the absorbances of different concentra-
tion of GH were employed in constructing a standard curve. In
this study, four different DS of chitosan–GH were synthesized by
changing the molar ratio of GH to chitosan from 0.8 to 1.5. The DS
increased from 3.5% to 4.6% by the increasing of the molar ratio.

The effects of molar ratio of GH and chitosan on the active chlo-
rine content of the chitosan–GH samples are shown in Fig. 1. The
molar ratio of GH to chitosan ranged from 0.8 to 1.5 (DS was  3.5%,
4.1%, 4.6% and 4.5%, respectively). Fig. 1 shows that the increase of
molar ratio within the above range does not significantly affect the
oxidative chlorine content. The increase of the molar ratio of GH
could not further increase the active chlorine content which con-
firms that the amine groups in chitosan are favorable sites for the
reaction; this was in agreement with that of the DS measurement. A
molar ratio of 1:1 was  employed in this study. However, the active
chlorine loading of chitosan after the introduction of GH was sig-
nificantly increased from 8.9% of chitosan to 12.9% of chitosan–GH
indicating that the amide nitrogen atoms on the hydantoin ring
were being chlorinated.

3.2. Preparation of chlorinated chitosan–GH films with different
concentrations

Different concentrations of the synthesized chitosan–GH, 1%, 2%,
4%, 6%, were dissolved in 2% acetic acid solution. The chitosan–GH
solution was coated on PET transparency slides. After neutral-
ization and drying, the films were chlorinated according to the
method mentioned in experimental section. The chlorine loadings
of chitosan–GH on these transparency slides are shown in Fig. 2.
The active chlorine contents increase from 2.15 × 1018 atoms/cm2

to 2.60 × 1018 atoms/cm2 within the range from 1% to 4%, while
further increase of concentration of chitosan–GH (increased to 6%)

does not significantly increase the active chlorine contents. Thus,
4% of chitosan–GH solution was used for coating the films in further
studies. Films with high chlorine loading of 2.60 × 1018 atoms/cm2

would be expected to be quite antibacterial.
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Fig. 2. Effect of the concentration of chitosan–GH on active chlorine content.

.3. Characterization

.3.1. Structural determination by 13C NMR, FT-IR and UV–VIS
The FT-IR spectra of chitosan, chitosan–GH and chitosan–GH–Cl

re recorded in Fig. 3. The spectrum of chitosan showed the char-
cteristic absorption bands at 1655 (amide I, C O stretching), 1597
amide II, –NH2 bending) and 1381 cm−1 (–CH2 bending). Other
haracteristic bands of the polysaccharide appeared at 1152 cm−1

symmetric stretching of the C–O–C) and 1080 cm−1 (skeletal
ibration of the C–O stretching) (Sajomsang, Gonil, & Tantayanon,
009). The strong band at around 3400 cm−1 was  assigned to the
tretching vibration for O–H, the extension vibration of N–H, and
nter-molecular hydrogen bonds of the polysaccharide moieties.
ll of the bands mentioned above were common in the spectra of
hitosan–GH samples due to the presence of the chitosan backbone.
ompared with the FT-IR spectrum of pure chitosan, the spectra of
hitosan–GH showed two strong absorption peaks at 1569 cm−1

C O stretching) (Haro et al., 2005), which indicates that chitosan

as successfully modified with GH through covalent bonds. The

ibrational band of C O shifts from 1569 cm−1 to 1630 cm−1 after
hlorination. The shifts to higher wave number of the hydantoin

Fig. 3. The FT-IR spectra of chitosan, chitosan–GH and chitosan–GH–Cl.
Fig. 4. The 13C NMR spectra of chitosan–GH using D2O and CF3COOD as the solvents.

carbonyl bands upon chlorination have been reported previously
in the literature (Ren, Kocer, Worley, Broughton, & Huang, 2009).

The 13C NMR  spectrum of chitosan–GH in D2O and CF3COOD
solution is presented in Fig. 4. The signals ascribed to the car-
bons in the chitosan backbone at 100.7 ppm (C-1), 63.6 ppm (C-2),
73.2 ppm (C-3), 80.6 ppm (C-4), 78.0 ppm (C-5), and 59.2 ppm (C-
6) are shown in Fig. 4 (Jiang et al., 2011). The signals at 56.9 ppm,
68.1 ppm, 63.6 ppm, 179.2 ppm, and 22.9 ppm may  be assigned to
the carbons of the –CH2 (C-7, C-9), –CH (C-8), –CH (C-12), –C O
(C-10, C-11), and –CH3 (C-13) (Lu, Wu,  & Fu, 2007; Ren et al.,
2009) groups, respectively. These signals on the GH units detected
above further confirmed that GH was  bonded to chitosan success-
fully.

The UV–VIS spectra of chitosan, GH, and chitosan–GH are shown
in Fig. 5. The UV absorption at 240 nm can be attributed to the
hydantoin ring structure (Chen & Sun, 2006), which is evident in the
spectra of GH and chitosan–GH. Chitosan does not show absorption

under UV analysis. The band at 240 nm of chitosan–GH provided
further evidence that the hydantoin ring structure was  covalently
bonded onto chitosan.

Fig. 5. UV spectra of chitosan, GH, and chitosan–GH.
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Fig. 6. TGA and DTG curves for chitosan, un-chlorinated chitosan–GH and chlorinated chitosan–GH.

Table 1
Antibacterial property against S. aureusa and E. coli O157:H7b.

Sample Contact time (min) Bacterial reduction S. aureusa Bacterial reduction
E. coli O157:H7b

% Log % Log

Un-chlorinated chitosan–GH Film 30 39.34 0.22 3.97 0.02
Chlorinated chitosan–GH Film 1 99.90 2.98 99.62 1.52

5  99.93 3.14 100 7.48
10 100 7.39 100 7.48
30  100 7.39 100 7.48
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The inoculum population was 2.43 × 107 cfu/sample.
The inoculum population was 3.73 × 107 cfu/sample.

.3.2. Thermal analysis
The TGA thermograms of chitosan, chitosan–GH, and

hitosan–GH–Cl are shown in Fig. 6. The TGA of chitosan showed
wo different stages of weight loss. The first stage weight loss
xtended from 32 to 101 ◦C, and Tmax was located at 51 ◦C. This may
orrespond to the loss of adsorbed and bound water (Kumar, Koh,
im, Gupta, & Dutta, 2012). The second stage of weight loss starts
t 217 ◦C and continues up to 350 ◦C (Tmax was located at 286 ◦C)
nd is due to the degradation of chitosan biopolymer (Kumar
t al., 2012). Adelaida Ávila et al. also reported that the weight loss
etween 40 ◦C and 200 ◦C may  be attributed to the adsorbed and
ound water (Ávila, Bierbrauer, Pucci, López-González, & Strumia,
012). Therefore, the weight loss of chitosan–GH extending from
8 to 80 ◦C (Tmax, 51 ◦C) and from 80 to 156 ◦C (Tmax was  located
t 108 ◦C), and the weight loss of chitosan–GH–Cl extending from
8 to 101 ◦C (Tmax was located at 62 ◦C) and 101 to 118 ◦C (Tmax,
08◦C) also may  be attributed to the adsorbed and bound water.
he weight loss of chitosan–GH from decomposition from 200 to
60 ◦C (Tmax, 275 ◦C) is very close to that of chitosan, which indi-
ates that incorporation of GH in chitosan does not significantly
ffect its thermal performance. The chlorinated chitosan–GH–Cl
howed that the weight loss temperature from 145 to 280 ◦C (Tmax,
92 ◦C) is lower than that of the un-chlorinated chitosan. The
ecomposition of the N–Cl bonds in the chlorinated chitosan–GH
ay  accelerate the thermal decomposition of chitosan–GH through

 free radical process.
.4. Antibacterial efficacy

The biocidal efficacy data for the unchlorinated and chlo-
inated chitosan–GH films against Gram-positive S. aureus and
Gram-negative E. coli O157:H7 are presented in Table 1. The films
were challenged with S. aureus and E. coli O157:H7 bacteria at
2.43 × 107 cfu/sample and 3.73 × 107 cfu/sample, respectively. The
unchlorinated chitosan–GH films produced only a small log reduc-
tion for both bacteria, 0.218 log reduction of S. aureus and 0.017 log
reduction of E. coli after 30 min  of contact due to the adhesion
of the bacteria to the films and perhaps a small degree inactiva-
tion of the bacteria. The chlorinated chitosan–GH films containing
2.60 × 1018 atoms/cm2 of active chlorine completely inactivated
both S. aureus and E. coli O157:H7 with log reductions of 7.39 and
7.48 within 10 min  and 5 min  of contact, respectively. About 99.9%
of both S. aureus and E. coli O157:H7 could be killed by the chlori-
nated films within 1 min  of contact.

4. Conclusions

N-halamine chitosan (chitosan–GH) was  prepared by a ring-
opening reaction between chitosan and GH. The incorporation
of GH into chitosan was confirmed by FT-IR, 13C NMR, UV, and
TGA analyses. The active chlorine content of chitosan–GH–Cl and
chitosan–GH–Cl film could reach 12.9% and 2.60 × 1018 atoms/cm2,
respectively, upon exposure to dilute household bleach. The
N-halamine chitosan provided excellent antimicrobial efficacies
against both Gram-negative and Gram-positive bacteria by inac-
tivating 7 logs of S. aureus and E. coli O157:H7 within 5–10 min.
The addition of stable cyclic N-halamine with a hydantoin ring

into chitosan significantly increases the active chlorine loadings on
the films which enhances the antimicrobial activity and durability.
These encouraging results show that N-halamine-based chitosan
has potential for a wide range of biomedical applications including
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